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INTRODUCTION

BRCAI is a tumor suppressor gene found to be mutated in 30-45% of hereditary breast and
ovarian cancers (1). It encodes a nuclear phosphoprotein with putative roles in DNA repair, cell-
cycle control and transcriptional regulation (2-4). While mutations in BRCAI confer increased risk
for both early-onset breast and ovarian cancers, their role in prostate cancer is controversial (5-7).
Moreover, since the same germline BRCA I mutation exists in all tissues of an affected individual, it
is not clear why breast and ovarian tissues are preferentially affected by neoplastic disease. The
recent finding that BRCA1 inhibits estrogen receptor (ER-or) signaling (8) suggests one
mechanism by which loss of BRCA1 function may lead to increased breast cancer risk in some
carriers, but it does not explain all aspects of the disease seen in affected women.

The androgen receptor (AR) is a member of the nuclear receptor (NR) superfamily of
transcriptional regulators, which includes the steroid, thyroid hormone and retinoic acid receptors.
These receptors function in enhancing promoter-specific gene expression through the recruitment
of multiple coregulatory proteins (ie. coactivators/corepressors) involved in various aspects of
transcriptional control (9, 10). The AR shares a basic structural homology with the other NRs
containing: an N-terminal transactivation domain (NTD), a highly-conserved DNA-binding domain
(DBD), and a C-terminal ligand-binding domain (LBD) (11). Both the NTD and the LBD contain
separate activation functions (AF-1 and AF-2, respectively) that mediate the transcriptional action of
the receptor. However, unlike other Class I steroid hormone receptors, AR also contains two, N-
terminal poly-amino acid stretches encoded by polymorphic trinucleotide repeats. One of these is a
highly-variable CAG-microsatellite which encodes polyglutamine (poly-Q). Although deleterious
expansion of the microsatellite (= 40 CAGs) does occur, resulting in a rare, neurodegenerative
disorder called spinal and bulbar muscular atrophy (SBMA), or Kennedy’s disease, the normal
CAG size-range in the general population is between 9 to 29 CAG repeats (12, 13) and averages
about 20, depending on the population ethnic group (14). Variation in CAG-repeat length inversely
modulates AR activity (13, 15), and shorter CAGs are correlated with both increased risk and earlier
age-of-onset for prostate cancer (16), supporting the hypothesis that androgens play a direct role in
promoting prostate cancer development (17). Yet, despite this role in the prostate, androgens may
play a protective role in breast, possibly through AR-mediated inhibition of breast epithelial cell
proliferation (18, 19). This is supported by the fact that some mutations in the AR leading to loss
of function or expression have been correlated with breast cancer and earlier age-of-onset in some
individuals, though the frequency of such alterations are rare and not well-characterized (20-23).
Recently, a correlation between CAG-repeat length and risk for breast cancer development was
observed in a cohort of women with known BRCAI mutations (24). In that study, women who were
BRCAI mutation carriers and had at least one AR allele with > 28 CAG repeats were more likely to
develop breast cancer earlier than similar age-matched controls. In a separate study of women who
developed sporadic breast cancer by age of 40 years, no significant correlation with CAG repeat
size and cancer risk was found (25). Therefore, since variation in AR activity, as determined by
CAG repeat size, affected BRCAI-associated breast cancer risk, but not sporadic breast cancer risk,
it is possible that BRCA1 may function either directly, or indirectly, in regulating AR signaling.
Together, these observations suggest a likely functional connection between the AR and BRCAL.




MATERIALS AND METHODS

Transient transfection assays were performed using a chloramphenicol-acetyl transferase
(CAT) assay system. Mammalian cells were transfected with plasmids encoding various
transcription factors and tested for reporter gene activation. In some cases, protein expression from
transfected plasmids were checked by immunofluorescence. Protein binding assays were performed
using glutathione-S-transferase (GST) fusion proteins and in vitro transcribed and translated
protein targets.

Mammalian Expression Vectors and Plasmid Construction

Plasmids pCMV-hAR (26), pSG5-ERa (27), pSG5-GRIP1 and pSGS5-SRC-1a (28),
pcDNA3.1-AIB1 (29), ARR,tk-CAT (30), ERE-Coll60-CAT (31), and MMTV-CAT (32) were
described previously. To construct the vector pcDNA-AR (NTD-DBD), an Nhel-BamHI fragment
was PCR amplified from pcDNA-hAR (33) plasmid DNA using AR (NTD-DBD) primer pairs S1
and AS1 (Table 1) and inserted into the reciprocal restriction sites of pcDNA3.1 (+). Vector
pcDNA-AR (DBD-LBD) was constructed in sequential cloning steps. First, an Nhel-Kpnl PCR
fragment containing the AR Kozak sequence was amplified using primers S1 and AS2 and inserted
into the corresponding sites of pcDNA3.1 (+). Second, a Kpnl-EcoRI PCR fragment was
amplified using primers S2 and AS3 (Table 1) and inserted into the restored Kpnl site and the
downstream EcoRI site of the pcDNA3.1 (+) multiple cloning site. BRCA1 mammalian
expression plasmid pcDNA-BRCA1 was constructed by inserting a 5’ Notl-Xhol 3’-treated
BRCAL insert derived from pBSK-1hFL plasmid (34) into corresponding endonuclease restriction
sites of a pcDNA3.1/mycHisC(-) vector (Invitrogen).

Overlapping KpnI-Xhol BRCAI1 fragments were amplified by PCR using the indicated
primer pairs (Table 1). Forward primers contain engineered Kpnl restriction endonuclease sites
followed by a SV40 T antigen nuclear localization signal (NLS). Reverse primers contain a
hemagluttinin A (HA) tag followed by a novel Xhol site. Elongase PCR (Life Technologies,
Rockville, MD) amplified BRCA1 fragments were purified by gel extraction (Qiagen, Valencia,
CA), double-digested with KpnI-Xhol and inserted into a pcDNA3.1 (Kozak) vector.

Bacterial Expression Plasmids

Bacterial expression plasmids encoding GST, GST-AR and GST-GRIP1 fragments were
previously described (4, 28).

Tissue culture and transfections

Cells obtained from the American Type Culture Collection (Manassas, VA) were maintained
in RPMI (PC-3, DU-145, and HBL-100) or DMEM (MCF-7) medium that contained 10% fetal
bovine serum (FBS). Approximately 24 h prior to transfection, 10° (PC-3, DU-145, and HBL-100)
or 5 x 10° (MCF-7) cells were seeded into each 60-mm dish. Cells were transfected in serum-free
conditions with Lipofectamine reagent (Life Technologies, Rockville, MD) according to the
manufacturer’s protocol. In each experiment, the total amount of DNA per dish was held constant
by the addition of pcDNA3.1 (+) vector when appropriate (Invitrogen, Carlsbad, CA). Following
transfection, cells were grown for 24 h (DU-145, HBL-100, and MCF-7) or 48 h (PC-3) in RPMI
medium (without phenol red) that contained 5% charcoal/dextran-stripped FBS (Gemini Bio
Products, Calabasas, CA) and, where indicated, DHT (1 or 10 nM) or 10 nM E2 for the last 24 h of
growth. Whole-cell extracts were prepared in 0.25 M Tris-HCI pH 8.0 by repeated freezing and
thawing. CAT assays were performed using the Quan-T-CAT kit (Amersham Pharmacia Biotech,
Piscataway, NJ) (see below) and total cellular protein was measured using the BioRad (Hercules,
CA) Protein Asssay kit. Relative CAT activities (c.p.m./O.D.,,) are reported as the mean = SE of
three independent dishes.




Chloramphenicol Acetyltransferase (CAT) Assays

Cell extracts were prepared as described above. 40 pl amounts of cell extracts were
transferred into 1.5 ml microcentrifuge tubes. 10 pl of substrate mix was added to each tube and
incubated at 37°C for 30 minutes. After incubation, 1 ml of diluted bead mix was added to each
reaction tube and allowed to stand at room temperature for 5 minutes. Beads were then spun down
into tight pellets by centrifugation for 5 minutes and radioactive supernatant was collected and
discarded. Pellet was washed with 1 ml of wash buffer and then respun for 3-5 minutes.
Supernatants were again discarded and 1 ml of scintillation cocktail was added to each tube. Pellets
were mixed by brief vortexing and reactions were counted and analyzed..

Glutathione-S-Transferase (GST) Pull-Downs

Glutathione-S-transferase (GST) and GST-fusion proteins were expressed and purified as
described (35). Glutathione-Sepharose-bound GST protein, GST-AR (1-555), or GST-GRIP1
fragments (5-765, 563-1121, or 1121-1462) were incubated with ¥S-radiolabeled full-length
BRCA1 or BRCAI fragments transcribed and translated in vitro from pcDNA3.1 vectors using a
TNT-Coupled Reticulocyte Lysate System (Promega) in the presence of **-S methionine.
Associated BRCA1 was eluted, resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and
analyzed by autoradiography. 10% of total labeled BRCAI incubated in each reaction was loaded
for comparison.




RESULTS
BRCA1 enhances AR signaling

In order to assess the role of BRCAI in AR signaling, we cotransfected PC-3 prostate
cancer cells with a wild-type AR expression vector and increasing amounts of a wild-type BRCAI
expression vector. Androgen-dependent activation of AR was enhanced by coexpression of
exogenous BRCA1 (Figure 1). Substitution of the BRCAI plasmid with parent vector (pcDNA3.1)
failed to generate a coactivation response indicating that functional BRCALI is required. No
coactivation by BRCA1 was observed in the absence of DHT (Figure 2-1). Furthermore, BRCA1
failed to stimulate the reporter gene in the absence of exogenous AR (data not shown).

Exogenous BRCA1 does not increase AR stability

The androgen receptor is highly stabilized by DHT (approximately 2-5 fold). To test if
BRCA1 enhancement of AR signaling is biochemical and not due to stabilization, we transfected
CV-1 cells with AR alone (no DHT versus 10 nM DHT) and with AR + BRCA1 (10 nM DHT).
As a control baseline, we used untransfected CV-1 cells. Following transfection, the cells were
incubated for 48 hours, lysed in RIPA buffer, and the extracted lysates were then quantified by
BCA protein quantification assay. 7.5 pg of total lysates were resolved on a 4-20 % gradient gel
and transferred onto a PVDF membrane. Membranes were blotted with anti-AR antibodies and
detected by ECL chemiluminescent reagent. Untransfected cell lysates contained no detectable AR,
whereas transfected cell lysates all demonstrated AR bands. As expected, DHT stabilized AR
approximately 4 fold. However, coexpression of BRCA1 in the presence of DHT did not result in
a statistically significant increased AR stability over DHT alone (Figure 2). Hence, the 2-3 fold
observed enhancement of AR activity by BRCA1 cannot be attributed to a stabilization
phenomenon.

BRCA1 enhances AF-1 of the AR

Full-length BRCA1 was coexpressed in PC-3 cells with either a constitutively active AR
variant comprising the NTD and the DBD, i.e. AR(NTD-DBD), to assess AR AF-1 activity, or a
variant comprising the DBD and LBD, i.e. AR(DBD-LBD), to assess AR AF-2 activity. BRCALI
enhanced the activity of AR(NTD-DBD) but was unable to activate AR(DBD-LBD) in either the
presence or absence of ligand (Figure 3). Therefore, BRCALI is able to coactivate the AF-1 function
of the AR.

Potentiation of p160 coactivation by BRCA1

The p160 coactivators (i.e. SRC1/NcoAl, GRIP1/TIF2/NcoA2, and AIB1/p/CIP/ACTR)
are nuclear proteins that bind to NRs and potentiate ligand-dependent receptor signaling by
recruiting transcriptional regulatory proteins, including histone acetyltransferases (9, 10) and
methyltransferases (4). They interact with, and coactivate the AR through both AF-1 and AF-2 of
the receptor (28). To determine if BRCAI is involved in p160-mediated coactivation of AR
signaling, we cotransfected mammalian cell lines with expression vectors for BRCA1 and/or
GRIP1, SRC-1a, or AIB1 along with AR. BRCA1 and the p160 coactivators individually were able
to enhance AR activity in PC-3 cells in a hormone-dependent fashion (Figure 4). Coexpression of
BRCAI1 with each of the p160 coactivators resulted in synergistic coactivation of AR signaling
(Figure 4), results that were duplicated using GRIP1 and BRCAI in a second prostate cancer cell
line (DU-145), and two breast cell lines (HBL-100 and MCF-7) (Figure 5). The relatively small
effects observed in MCF-7 cells may be due to the overexpression of endogenous AIB1 (29).




BRCA1 enhances GRIP1-mediated coactivation of AR LBD

Since BRCA1 was able to potentiate pl60-mediated coactivation of wild-type AR, we
argued that it should be able to do the same with the AR LBD. As expected, in transiently
transfected PC-3 cells, hormone-dependent reporter gene activation by the AR(DBD-LBD) was
enhanced by GRIP1 coexpression (Figure 6). Furthermore, this activity was potentiated by
coexpression of BRCALI, although BRCA1 had little or no effect on AR(DBD-LBD) signaling in
the absence of GRIP1 coexpression. Similar results were observed when AIB1 was substituted for
GRIP1 (data not shown). Therefore, BRCA1 can coactivate AR AF-2, but only in the presence of
co-associated p160 coactivators.

BRCAL1 interacts with the N-terminus of AR and the C-terminus of GRIP1

The ability of BRCA1 to coactivate AR and to potentiate p160-mediated enhancement of AR
signaling suggests physical interactions. To determine if BRCA1 physical associates with the AR
and/or GRIP1, in vitro protein binding experiments were performed using glutathione-S-transferase
(GST)-fused fragments of either AR or GRIP1 and radiolabeled full-length BRCA1. Schematic
representations of the AR, BRCA1 and GRIP1, including major domains and motifs, are shown
(Figure 7). In these experiments, full-length BRCA1 was found to interact specifically with both
GST-AR (1-555) (Figure 8) and GST-GRIPlc (1121-1462) (Figure 9). No interactions were
detected with GST-GRIP1 (5-765, 563-1121) or GST-protein alone.

Both AR and GRIP1 interact with the N-terminus of BRCA1

In order to map the interactions of both the AR-NTD and GRIPlc onto BRCAI, *’S-
radiolabeled, overlapping fragments of BRCA1 were incubated with GST-AR (1-555) or GST-
GRIPlc (1121-1462) and analyzed as described above. Pull-down results localize both AR and
GRIP1 interactions to a region in the N-terminus of BRCA1 spanning amino acids 1-404 (Figure
10). This region of BRCA1 contains a cysteine-rich zinc-binding domain, or RING finger, which
is believed to function in protein-protein interactions (1). However, it is not determined if this
RING finger is important in mediating AR and/or GRIP1 binding.

BRCA1 coimmunoprecipitates with GRIP1, but not with GRIP1AAD2

To test if BRCA1 and GRIPI interacts in mammalian cells, we cotransfected SV40-
transformed COS-7 monkey kidney cells with BRCAL1 and either HA-GRIP1 or HA-GRIP1AAD2,
which lacks the AD2 interaction domain. As a negative control, untransfected cells were grown
simultaneously. Whole cell lysates (WCL) were immunoprecipiated with either a BRCAI
polyclonal antibody (C-20, Santa Cruz), or a non-specific rabbit polyclonal antibody (rabbit IgG,
Zymed). Immune complexes were stringently washed and eluted proteins were resolved by SDS-
PAGE and transferred onto a PVDF membrane. Membranes were probed for
coimmunoprecipitated HA-GRIP or HA-GRIPAAD2 using a rat anti-HA antibody (Roche
Pharmaceuticals). Full-length HA-GRIP1, but not the truncated AAD2 mutant,
coimmunoprecipitated with BRCA1 (Figure 11). This interaction was specific for BRCA1 as no
coimmunoprecipiated HA-GRIP1 was detected when normal rabbit IgG was used. Likewise, no
detectable band was seen in the untransfected negative control. To demonstrate that these results
were not due to differences in HA-GRIP1 or HA-GRIP1AAD?2 expression, samples of each WCL
used for the coimmunoprecipitation assays were screened by western blotting to detect HA-tagged
proteins in transfected versus untransfected cells (Figure 11). Using a rat anti-HA antibody,
appropriate bands of expected molecular weights were detected in each of the samples derived from
transfected cells, but no bands were observed in the untransfected cells.




BRCAT1 synergy with GRIP1 is dependent upon an intact AD2 domain

Since BRCA1 was unable to interact with the GRIPIAAD2 mutant by GST pull-down
assay and coimmunoprecipitation, we wanted to test if this loss of interaction resulted in a
corresponding loss of functional synergy. In CV-1 cells, we transfected AR, BRCAl and
combinations of either HA-GRIP1, HA-GRIP1AADI1, or HA-GRIP1AAD?2. Luciferase activities
were assayed using the methods described above [Methods]. Both HA-GRIP1 and HA-
GRIPAADI1 were able to enhance BRCA1 activity on AR signaling. HA-GRIP1AAD2, however,
was unable to function with BRCA1, suggesting that BRCA1 and GRIPI synergy is dependent
upon direct interaction between the two coactivators (Figure 12).




Key Research Accomplishments:

- Cloned mammalian expression plasmids of BRCAL, the pl60 nuclear receptor coactivators
(GRIP1, SRCla, AIBI), the nuclear receptors (AR, ER, PR), and the protein methyltransferases
(CARMI1, PRMTI1) for in vitro interaction assays and functional studies.

- Characterized novel protein-protein interactions illustrating a role for BRCAI in various aspects of
transcriptional regulation: (1) BRCAT1 and the androgen receptor and (2) BRCA1 and the p160
family of nuclear receptor coactivators.

- Mapped the interaction domains for BRCA1-AR and BRCA1-GRIP1 to the N-terminus of
BRCA1 for both AR and GRIP1, and to the N-terminus of AR and the C-terminus of GRIP1 for
BRCAI.

- Demonstrated physical association between BRCA1 and GRIP1 in mammalian cells by
coimmunopreciptiation assays.

- Characterized BRCA1 function as a coactivator of the steroid receptors (AR and ER), both alone

and in the presence of the p160 coactivators. Coactivation synergy between BRCAI and GRIP1
was described in multiple, mammalian cell lines for both AR and ER signaling pathways.

Reportable Outcomes:

-Manuscripts:

1. John J. Park, Ryan A. Irvine, Grant Buchanan, Stephen S. Koh, Jinha M. Park, Wayne D.
Tilley, Michael R. Stallcup, Michael F. Press, and Gerhard A. Coetzee. BRCAL1 is a Coactivator
of the Androgen Receptor. Cancer Res. (Submitted, 2000).

Poster Presentations:

1. John J. Park, Ryan A. Irvine, Stephen S. Koh, Jinha M. Park, Gerhard A. Coetzee, and
Michael F. Press. BRCA1 coactivators both AR and ER signaling in breast and prostate cancer
cell lines. Era of Hope, Department of Defense Breast Cancer Research Program, Atlanta, GA,
on June 9, 2000. Abstract in the Department of Defense Breast Cancer Research Program
Proceeding, v.I: 69 (2000).

Presentations:

1. Invited Speaker, The Bob Rope Foundation Breast Cancer Research Program, Palm Springs,
CA, March 30-31, 2000. Title: BRCA1, Molecular Interactions and Functions.

Patents and Licenses:

(Not applicable)
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Doctoral Degree In Progress:

John J. Park will be completing the requirements for the Doctor of Philosophy degree on
September 12, 2000, which upon successful defense of his thesis, will be conferred
simultaneously with his MD in May 2002 at the Keck School of Medicine, University of
Southern California.

Development of Cell Lines and Novel Recombinant Genes:

A stable BRCAl-overexpressing HBL-100 breast epithelial cell line was generated using G418
selection. The cell line has not been fully characterized and has not be reported in a public
forum.

Personnel Receiving Pay for this Research Effort:

John J. Park, Pre-doctoral Trainee
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CONCLUSIONS

Several independent lines of evidence suggest that BRCAI may play a role in transcriptional
regulation. BRCALI contains a transcriptional activation domain (36, 37), that functions as a
coactivator of p53-dependent gene expression (38-40) and has been shown to be associated with
the RNA polymerase II holoenzyme complex (41, 42). The recent finding that BRCA1 inhibits ER
activity (8) suggested, at that time, that BRCA1 may protect against breast cancer risk due to this
inhibition. In conclusion of this study, we now demonstrate that BRCA1 enhances androgen-
responsive reporter gene expression by interacting with, and activating AF-1 of the AR NTD.
Furthermore, BRCA1 can potentiate the effect of pl60 coactivators on AR signaling in breast and
prostate cell lines, possibly by modulating nuclear receptor-pl60 coactivator interactions.
Interestingly, both the AR and the p160 coactivators appear to interact with the N-terminus of
BRCAI1. This is also the region of BRCAI where both p53 (38-40) and c-myc binding occurs
(43), revealing a novel feature of this relatively small, but important, region. It is possible that
BRCAL potentially modulates transcription by stabilizing interactions between transcription factors
associated with its N-terminus and the transcriptional initiation complex bound to its C-terminus.
Indeed, deletion of this C-terminal interaction domain results in the loss of BRCA1’s coactivation
function as it can no longer recruit the preinitiation complex to sites of active gene transcription (38-
40). Therefore, mutations which lead to premature truncation of BRCA1 likely result in defective,
or impaired, function due to loss of this bridging interaction, though presumably, BRCA1’s ability
to associate with transcriptional regulatory proteins through its N-terminus is unaffected. Thus, it is
possible that truncated forms of BRCA1 may act as dominant negative inhibitors in heterozygous
mutation carriers resulting in significant dysregulation of transcription by sequestering limiting
factors, thereby, diminishing the effectiveness of the remaining wild-type BRCA1 protein.

The results of this study suggest a complex interplay between AR, the p160 coactivators and
BRCA1 in modulating cell proliferation, and by implication cancer risk, in tissues like the prostate
and breast. In prostate, loss of BRCA1 was initially thought to be associated with an increased risk
for developing cancer, although later studies considering specific mutations failed to demonstrate
any such correlation in mutation carriers (5-7). In retrospect, this is not surprising since BRCA1
appears to function as a coactivator of AR signaling. As such, the loss of BRCAI might, in fact,
protect against prostate cancer by decreasing AR activity.

In the case of breast cancer risk, we have uncovered novel interactions that may ultimately
aid in our understanding of how BRCA1 associated cancer may arise. In women with only one
functional copy of BRCA1 exhibit a significant correlation between AR-CAG size alleles and early-
onset disease (24), suggesting that BRCA1 acts to maintain AR’s protective effect on the breast by
potentiating AR activity during normal signaling events. According to this model, when there is
partial loss of BRCAL1 function, AR signaling might be significantly diminished, potentially leading
to greater breast cell proliferation. The fact that both lower AR activity and AIBI alterations in
BRCA! mutation carriers result in similar cancer phenotypes and risk profiles supports this
hypothesis. Although further studies are required, these findings may help in our understanding of
the role of BRCA1 in breast cancer development, and may be useful in remodeling current treatment
protocols based on the unique biology of BRCAl-associated cancers. In continuation of the
research activities developed over the course of this scientific endeavor, our laboratory, in
collaboration with other laboratories, are pursuing other avenues of BRCA1 function in
transcriptional regulation, such as chromatin remodeling.

12




REFERENCES

10.

11.

12.

Rahman, N. and M.R., S. The genetics of breast cancer susceptibility, Annu Rev Genet. 32: 95-121,
1998.

Duncan, J. A, Reeves, J. R, and Cooke, T. G. BRCAI1 and BRCA?2 proteins: roles in health and
disease, Mol Pathol. 51: 237-247, 1998.

Irminger-Finger, L, Siegel, B. D., and Leung, W. C. The functions of breast cancer susceptibility gene
1 (BRCA1) product and its associated proteins, Biol Chem. 380: 117-128, 1999.

Chen, D., Ma, H., Hong, H., Koh, S. S., Huang, S.-M., Schurter, B. T., Aswad, D. W., and Stallcup,
M. R. Regulation of transcription by a protein methyltransferase, Science. 284 2174-2177, 1999.
Struewing, J. P., Hartge, P., Wacholder, S., Baker, S. M., Berlin, M., McAdams, M., Timmerman, M.
M., Brody, L. C., and Tucker, M. A. The risk of cancer associated with specific mutations of BRCAI
and BRCA2 among Ashkenazi Jews, N Engl J Med. 20: 1401-1408, 1997.

Hubert, A., Peretz, T., Manor, O., Kaduri, L., Wienberg, N., Lerer, 1., Sagi, M., and Abeliovich, D. The
Jewish Ashkenazi founder mutations in the BRCA1/BRCA2 genes are not found at an increased
frequency in Ashkenazi patients with prostate cancer, Am J Hum Genet. 65: 921-924, 1999.
Johannsson, O., Loman, N., Moller, T., U., K., Borg, A., and Olsson, H. Incidence of malignant
tumours in relatives of BRCA1 and BRCA2 germline mutation carriers, Eur J Cancer. 35: 1248-
1257, 1999.

Fan, S., Wang, J., Yuan, R., Ma, Y., Meng, Q., Erdos, M. R., Pestell, R. G., Yuan, F., Auborn, K. J.,
Goldberg, 1. D., and Rosen, E. M. BRCAL1 inhibition of estrogen receptor signaling in transfected
cells, Science. 284 1354-6, 1999.

Xu, L., Glass, C. K., and Rosenfeld, M. G. Coactivator and corepressor complexes in nuclear receptor
function, Curr Op Gen Dev. 9:, 1999.

McKenna, N. J., Xu, J., Nawaz, Z., Tsai, S. Y., Tsai, M.-J., and O'Malley, B. W. Nuclear receptor
coactivators: multiple enzymes, multiple complexes, multiple functions, J Ster Biochem Mol Biol. 69:
3-12, 1999.

Mangelsdorf, D. J., Thummel, C., Beato, M., Herrlich, P., Schutz, G., Umesono, K., Blumberg, B,
Kastner, P., Mark, M., and Chambon, P. e. a. The nuclear receptor superfamily: the second decade,
Cell. 583: 835-839, 1995.

Edwards, A., Hammond, H. A., Lin, J., Caskey, C. T., and Chakraborty, R. Genetic variation at
trimeric and tetrameric tandem repeat loci in four human population groups, Genomics. 12: 241-253,
1992.

13



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Irvine, R. A., Yu, M. C, Ross, R. K., and Coetzee, G. A. The CAG and GGC microsatellites of
androgen receptor gene are in linkage disequilibrium in men with prostate cancer, Cancer Res. 55:
1937-1940, 1995.

Giovannucci, E., Stampfer, M. J., Krithivas, K., Brown, M., Brufsky, A., Talcott, J., Hennekens, C. H,,
and Kantoff, P. W. The CAG repeat within the androgen rceptor gene and its relationship to prostate
cancer, Proc Natl Acad Sci USA. 94: 3320-3323, 1997.

Chamberlain, N. L., Driver, E. D., and Miesfeld, R. L. The length and location of CAG trinucleotide
repeats in the androgen receptor N-terminal domain affect transactivation function, Nucleic Acids
Res. 22: 3181-6, 1994.

Hardy, D. O,, Scher, H. I, Bogenreider, T., Sabbatini, P., Zhang, Z. F., Nanus, D. M., and Catterall, J.
F. Androgen receptor CAG repeat lengths in prostate cancer: correlation with age of onset, J Clin
Endocrinol Metab. 81: 4400-5, 1996.

Ross, R. K., Coetzee, G. A., Reichardt, J. K., Yu, M. C., Feigelson, H., Stanczyk, F. Z., Kolonel, L. N.,
and Henderson, B. E. Androgen metabolism and prostate cancer: establishing a model of genetic
susceptibility, Cancer Res. 58: 4497-4504, 1998.

Hackenberg, R., Hawighorst, T., Filmer, A., Nia, A. H., and Schulz, K. D. Medroxyprogesterone
acetate inhibits the proliferation of estrogen- and progesterone-receptor negative MFM-223 human
mammary cancer cells via the androgen receptor, Breast Cancer Res Treat. 25: 217-224, 1993a.
Szelie, J., Jimenez, J., Soto, A. M., Luizzi, M. F., and Sonnenshein, C. Androgen-induced inhibition of
proliferation in human breast cancer MCF7 cells transfected with androgen receptor, Endocrinology.
138: 1406-1412, 1997.

Wooster, R., Mangion, J., Eeles, R., Smith, S., Dowsett, M., Averill, D., Barrett-Lee, P., Easton, D. F,,
Ponder, B. A. J., and Stratton, M. R. A germline mutation in the androgen receptor gene in two
brothers with breast cancer and Reifenstein syndrome, Nature Genet. 2: 132-134, 1992.

Lobaccaro, J.-M., Lumbroso, S., Belon, C., Galtier-Dereure, F., Bringer, J., Lesimple, T., Heron, J.-F.,
Pujol, H., and Sultan, C. Male breast cancer and the androgen receptor gene, Nature Genet. 5: 109-
110, 1993.

Zhu, X, Daffada, A. A. I, Chan, C. M. W., and Dowsett, M. Identification of an exon 3 deletion
splice variant androgen receptor mRNA in human breast cancer, Int J Cancer. 72 574-580, 1997.
Munoz de Toro, M., Maffini, M. V., Kass, L., and Luque, E. H. Proliferative activity and steroid
hormone receptor status in male breast carcinoma, J Steroid Biochem Mol Biol. 67: 333-339, 1998.
Rebbeck, T. R., Kantoff, P. W., Kirithivas, K., Neuhausen, S., Blackwood, M. A., Godwin, A. K,
Daly, M. B, Narod, S. A., Garber, J. E., Lynch, H. T., Weber, B. L., and Brown, M. Modification of
BRCA1-associated breast cancer risk by the polymorphic androgen-receptor CAG repeat, Am J Hum
Genet. 64: 1371-7, 1999.

14




25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Spurdle, A. B., Dite, G. S., Chen, X., Mayne, C. J., Southey, M. C,, Batten, L. E., Chy, H., Trute, L.,
McCredie, M. R, Giles, G. G., Armes, J., Venter, D. J., Hopper, J. L., and Chenevix-Trench, G.
Androgen receptor exon 1 CAG repeat length and breast cancer in women before age forty years, J
Natl Cancer Inst. 97: 961-6, 1999.

Tilley, W. D., Marcelli, M., J.D., W., and M.J., M. Characterization and expression of a cDNA
encoding the human androgen receptor, Proc Natl Acad Sci USA. 86: 327-331, 1989.

Green, S., Issemann, 1., and Sheer, E. A versatile in vivo and in vitro eukaryotic expression vector for
protein engineering, Nuc] Acids Res. 16., 1988.

Ma, H., Hong, H., Huang, S. M, Irvine, R. A., Webb, P., Kushner, P. J., Coetzee, G. A, and Stallcup,
M. R. Multiple signal input and output domains of the 160-kilodalton nuclear receptor coactivator
proteins, Mol Cell Biol. 19: 6164-6173, 1999.

Anzick, S. L., Kononen, J., Walker, R. L., Azorsa, D. O., Tanner, M. M., Guan, X.-Y., Sauter, G.,
Kallioniemi, O.-P., Trent, J. M., and Meltzer, P. S. AIB1, a steroid receptor coactivator amplified in
breast and ovarian cancer, Science. 277: 965-967, 1997.

Snoek, R., Bruchovsky, N., Kasper, S., Matusik, R. J., Gleave, M., Sato, N., Mawji, N. R., and Rennie,
P. S. Differential transactivation by the androgen receptor cancer cells, Prostate. 36: 256-263, 1998.
Webb, P., Lopez, G. N., Uht, R. M., and Kushner, P. J. Tamoxifen activation of the estrogen
receptor/AP-1 pathway: potential origin for the cell-specific estrogen-like effects of antiestrogens,
Mol Endocrinol. 9: 443-456, 1995.

Giguere, B., Hollenberg, S. M., Rosenfeld, M. G., and Evans, R. M. Functional domains of the
human glucocorticoid receptor, Cell. 46: 645-652, 1986.

Irvine, R. A., Ma, H, Yu, M. C,, Ross, R. K., Stallcup, M. R., and Coetzee, G. A. Inhibition of p160-
mediated coactivation with increasing androgen receptor polyglutamine length, Hum Mol Genet. 9:
267-274, 2000.

Chen, J.-J., Silver, D., Cantor, S., Livingston, D. M., and Scully, R. BRCA1, BRCA2, and Rad51
operate in a common DNA damage response pathway, Cancer Res. 59: 1752s-1756s, 1999.

Hong, J., Kohli, K., Trivedi, A., Johnson, D. L., and Stallcup, M. R. GRIP1, a novel mouse protein
that serves as a transcriptional co-activator in yeast for the hormone binding domains of steroid
receptors, Proc Natl Acad Sci USA. 93: 4948-4952, 1996.

Chapman, M. S. and Verma, I. M. Transcriptional activation by BRCAI, Nature. 382: 678-679, 1996.
Monteiro, A. N. A., August, A., and Hanafusa, H. Evidence for a transcriptional activation function of
BRCA1 C-terminal region, Proc Natl Acad Sci USA. 93: 13595-13599, 1996.

Somasundaram, K., Zhang, H., Zeng, Y. X., Houvras, Y., Peng, Y., Wu, G. S, Licht, J. D., Weber, B.
L., and El-Deiry, W. S. Arrest of the cell cycle by the tumour-suppressor BRCA1 requires the CDK-
inhibitor p2 IWAF1/CiP1, Nature. 389: 187-90, 1997.

15



39.

40.

41.

42.

43.

Ouchi, T., Monteiro, A. N., August, A., Aaronson, S. A., and Hanafusa, H. BRCA1 regulates p53-
dependent gene expression, Proc Natl Acad Sci U S A. 95: 2302-6, 1998.

Zhang, H., Somasundaram, K., Peng, Y., Tian, H., Bi, D., Weber, B. L., and El-Deiry, W. S. BRCAI
physically associates with pS3 and stimulates its transcriptional activity, Oncogene. 16: 1713-21,
1998.

Scully, R., Anderson, S. F., Chao, D. M., Wei, W., Ye, L., Young, R. A, Livingston, D. M., and
Parvin, J. D. BRCA1 is a component of the RNA polymerase II holoenzyme, Proc Natl Acad Sci U S
A. 94: 5605-10, 1997.

Anderson, S. F., Schlegel, B. P., Nakajima, T., Wolpin, E. S., and Parvin, J. D. BRCA1 protein is
linked to the RNA polymerase II holoenzyme complex via RNA helicase A, Nature genet. 19: 254-
256, 1998.

Wang, Q., Zhang, H., Kajino, K., and Greene, M. 1. BRCAI binds c-Myc and inhibits its
transcriptional and transforming activity in cells, Oncogene. 17: 1939-48, 1998.

16




APPENDICES

A. Figures

Figure 1. Wild-type BRCA1 coactivates AR transactivation in PC-3 prostate cancer cells.
Transiently transfected cells were assayed for stimulation of ARR,tk-CAT reporter activity by
dihydrotestosterone (DHT). ARR;tk-CAT 1s composed of a minimal thymidine kinase (TK)
promoter under the control of three identical fragments of the rat probasin promoter (nucleotides
~244 to -96) each comprising two androgen responsive elements (i.e., ARBS-1 and ARBS-2) (30).
Cells were cotransfected with 2.0 ug ARR,tk-CAT, 50 ng pCMV-hAR, and increasing amounts of
pcDNA-BRCALI as indicated. Total transfected DNA was held constant by the addition of
pcDNA3.1 vector when appropriate. Chloramphenicol acetyl transferase (CAT) activities were
normalized for total cellular protein and data presented are the mean + SE of three independent
dishes. Fold is measured relative to DHT-dependent AR activity with no transfected BRCAI.

Figure 2. AR is not stabilized by BRCA1 coexpression. 5x10°/well PC-3 prostate cancer
cells were grown overnight on 24-well tissue culture plates. Next day, cells were transfected with
the following amounts of plasmids, as described above: 50 ng CMV-AR, 250 ng pcDNA3.1-
BRCAL. Transfections were performed in triplicates using Superfect reagent (Gibco-BRL) as per
Superfect protocol. Cells were then incubated for 48 hours either in the absence or precence of 10
nM DHT. After the incubation time, lysates were harvested in RIPA buffer and quantified by BCA
Protein Quantification Assay (Pierce). 7.5 ug of total lysates/sample were loaded onto a 4-20%
gradient gel (Bio-Rad), resolved by SDS-PAGE, and then transferred onto a PVDF membrane.
Western immunoblot analysis was performed using a rabbit-anti(AR) polyclonal antibody
(Img/ml) (Santa Cruz). Gel Quantification and analysis was done using a GS-710 calibrated
imaging densitometer (Bio-Rad). Bar graphs are shown as relative transmission O.D. (relative to
AR, 10 nM DHT). There is no significant increase in AR band density observed in the presence of
BRCAL.

Figure 3. BRCA1 works through AR AF-1 in PC-3 cells. Cells were cotransfected with 50 ng
pCMV-hAR, 10 ng pcDNA-AR (NTD-DBD), or 0.5 pug pcDNA-AR (DBD-LBD), 2.0 ug
ARR,tk-CAT, and 2.5 g pcDNA-BRCAL1 as indicated. Mammalian expression vectors pcDNA-
AR (NTD-DBD) and pcDNA-AR (DBD-LBD) encode AR amino acids 1-647 and 538-919,
respectively. AR (NTD-DBD) is a constitutive activator of ARR,tk-CAT and thus, potentiation of
its activity by BRCA1 is ligand independent.

Figure 4. Synergistic coactivation of AR signaling by BRCA1 and members of the p160
family of nuclear receptor coactivators. PC-3 cells were cotransfected with 2.0 ug pSGS5-
GRIP1, pcDNA3.1-AIB1, or pSG5-SRC-1a, 2.0 ug ARR,tk-CAT, 25 ng pCMV-hAR, and 2.5 ug
pcDNA-BRCA1 as indicated. In each case, AR transactivation activity in the presence of
transfected BRCA1 and p160 coactivator was greater than the additive effects of BRCA1 and p160
coactivator assayed separately.

Figure 5. Potentiation of AR signaling by BRCA1 occurs in both prostate- and breast-
derived cell lines. Prostate cell line DU-145 and breast cell lines HBL-100 and MCF-7 were
cotransfected with 2.0 pg ARR,tk-CAT, 25 ng pCMV-hAR, 2.0 pg pSG5-GRIPI1, and 2.5 pg
pcDNA-BRCAI1 as indicated. The data presented are fold + SE relative to DHT-dependent AR
activity with no transfected BRCA1 or GRIP1. As in PC-3, a synergistic coactivation of AR
signaling by BRCA1 and GRIP1 occurred in these cell lines. The relatively small effects observed
in MCF-7 may be due to the overexpression of endogenous AIB1 in this cell line (29).
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Figure 6. BRCA1 potentiates GRIP1-mediated coactivation of AR AF-2 on the MMTV
promoter. PC-3 cells were transfected with 2.0 ug MMTV-CAT, 1.0 ug pcDNA-AR (DBD-
LBD), 2.0 ug pSG5-GRIP1, and 2.5 ug pcDNA-BRCAL1 as indicated. BRCA1 failed to coactivate
AR AF-2 in the absence of exogenously expressed GRIP1 suggesting that it cannot make a
functional contact with AR LBD. Since BRCAI potentiates GRIP1-mediated coactivation of AR
AF-2, it is likely that GRIP1 recruits BRCA1 through direct contacts.

Figure 7. Schematic diagrams of AR, GRIP1, and BRCA1 showing the locations of
various functional domains. Domains of AR: AF-1/AF-2, autonomous activation functions 1
and 2; NTD, N-terminal domain; DBD, DNA-binding domain; LBD, ligand-binding domain;
Q/P/G, glutamine/proline/glycine poly-amino acid stretches. Domains of GRIP1: bHLH, basic
helix-loop-helix sequence; PAS, Per-Amnt-Sim domain; NR boxes, nuclear receptor binding
domains (LXXLL motifs); CID, CBP interaction domain; AD1/AD2, activation domains. Domains
of BRCA1: RING, zinc-finger domain; NLS, nuclear localization signals; BRCT, BRCA1 carboxy
terminus. Numbers represent relative amino acid positions.

Figure 8. Full-length BRCA1 interacts with the N-terminal domain of the androgen
receptor. Glutathione-S-transferase (GST) and GST-fusion proteins were expressed and purified
as described (34). Glutathione-Sepharose-bound GST protein and GST-AR (1-555) were
incubated with ¥*S-radiolabeled BRCAL transcribed and translated in vitro from pcDNA3.1 vector
encoding full-length BRCA1. Associated BRCA1 was eluted, resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) and analyzed by autoradiography. 10% of total labeled BRCA1 incubated
in each reaction was loaded for comparison.

Figure 9. Full-length BRCA1 interacts with the C-terminus of GRIP1. Glutathione-S-
transferase (GST) and GST-fusion proteins were expressed and purified as described (34).
Glutathione-Sepharose-bound GST protein or GST-GRIP1 fragments (5-765, 563-1121, or 1121-
1462) were incubated with **S-radiolabeled BRCA1 transcribed and translated in vitro from
pcDNA3.1 vector encoding full-length BRCA1. Associated BRCA1 was eluted, resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) and analyzed by autoradiography. 10% of total labeled
BRCAI1 incubated in each reaction was loaded for comparison

Figure 10. Autoradiographs showing the localization of the AR NTD and GRIPlc
interactions on BRCA1. Plasmids containing fragments of BRCA1 were generated as described.
Diagrams of the functional domains corresponding to amino acids are provided for reference.
Unpurified in vitro translated BRCA1 fragments were incubated with GST, GST-AR (1-555) or
GST-GRIP1 (1121-1462). Both AR and GRIP1 binding is shown to localize to the N-terminus of
BRCAL.

Figure 11. BRCA1 coimmunoprecipitates with GRIP1, but not with GRIP1AAD2. SV40-
transformed COS-7 monkey kidney cells were transfected with HA-GRIP1 or HA-GRIP1AAD?2.
Untransfected cell were grown simultaneously as a control. All samples were grown and treated in
triplicates. Whole cell lysates were extracted, immunoprecipitated with either 1 mg/mL of specific
rabbit anti-BRCA1 polyclonal antibodies (C20, Santa Cruz) or 1 mg/mL of non-specific rabbit
polyclonal antibodies (Zymed), and washed with RIPA buffer (plus complete protease inhibitors,
Roche Pharmaceuticals). Immune complexes were eluted in sample buffer and resolved by SDS-
PAGE. Proteins were transferred onto PVDF membranes and probed for HA-GRIPI or the
AAD?2 mutant using a rat anti-HA polyclonal antibody (Roche Pharmaceuticals).

Figure 12. Synergy with GRIP1 is dependent upon an intact AD2 domain. CV-1 cells were

transfected with AR, BRCA1l and/or HA-GRIP1 plasmids. HA-GRIPIAAD1 and HA-
GRIP1IAAD2 mutants were substituted for HA-GRIP1 where indicated. GRIP1 and GRIP1
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mutant effects on BRCA1 synergy were measured by luciferase assay and plotted with respect to
AR and AR+BRCAL1 activities.

B. Tables
(Refer to following page, Table 1)
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6
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FIGURE 7
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FIGURES 8& 9
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FIGURE 11
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